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Formation rules and control measures of polycyclic aromatic hydrocarbons
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ABSTRACT: Benzo[a]pyrene, benzo[a]anthracene, chrysene and benzo[b]fluoranthene (collectively known as
PAH4), generated during the thermal processing of oils and fats, represent significant carcinogenic contaminants.
Existing research indicates that PAH4 formation primarily follows a free radical-mediated lipid thermal oxidation
pathway, with its content significantly influenced by factors such as fatty acid composition, heating temperature and
duration. Effective control strategies include selecting high-oleic acid oils, adding suitable antioxidants, improving

heating processes and implementing end-of-pipe treatment technologies like adsorption purification. This paper aimed to
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systematically elucidate the intrinsic relationship between fatty acid composition and PAH4 formation during the

thermal processing of oils and fats, and established a theoretical framework linking the structural characteristics of fatty

acids to the formation behavior of pollutants. Future research should focus on the in-sifu analysis of reaction

mechanisms and the development of novel inhibitors, while integrating oil composition and processing parameters to

establish a PAH4 risk-warning and process optimization system tailored for industrial production. This will provide a

theoretical foundation and technical support for ensuring the quality and safety of lipid-based foods.

KEY WORDS: oils and fats; thermal processing; polycyclic aromatic hydrocarbons; formation mechanism; lipid

oxidation; regulation strategy
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SRR A, FLA IR RS, AR EREE R AL A
B, WRENE S, H LUK [a]
(benzo[a]pyrene, BaP) . & Jf [a] & (benzo[a]anthracene,
BaA) . Ji (chrysene, CHR) F1 2K J3f [b] 9% M
(benzo[b]fluoranthene, BbF) FXEM PAHs Y&, FrH
PAH4, NILHASREUEYE . 2k sth fs il d e, 23
SRR TIZ 2, HESMEWE 1 R
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Bl 1 PAH4 Z5H4 &
Fig.1 Structures chart of PAH4
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PAH4 (A A, X AEAEA I | 22 BRI AR 73l R BT A
WP R, RGN IR AL S PAH4 Lk 22 18] Y N
FERER, AEA PN SR T 24 PAHA MRS AT
3 P8 Ak T A 2SR kR PR AR s AR T L A S B TS Y MR o B
¥, HoA T E IS M ES 50 HE X

AR SCE AE R G B RS $AO0 T3 A R AR B R 4L AR S
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PEARBE A
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SIEGMANN 22000 4 26 0F 58 B Bk pe 4 il
3 Bk R 30 - T /R 42 (Diels-Alder) HL | PAHs 77/ i& 4% .
Diels-Alder 43 & —Ff i [ A BRI AR B i, i AR
BE RS ERS S W R SRR sl e LT A
M3, ORERAN T BRI ASICR, BE @i
SENATSRH RIS &I, R 3 B, B N
W 1,3-T @) S siiedan 2% . 2By, it
B0 ) 5 2 U A 22 8] 1 o T B P B s S R, T B
INTCIEEE . J5 S AR N B B A R, AR AR
%%, BaA % 4. 53 PAHs, H TN EFHHAESSH
BRI E T (200~400 °C)BI W 1E47, Diels-Alder & 127E
B AR R o B B DTMR, 0 v R SE f  A
BE A o

5 HACA HLHIZE{8, Diels-Alder (A2 [RIFE AT L H G
IV SEEL PAHA WA SURIR S HUER AW 2 520
B, (7S TCIRECR SN, b5 2 Ak BEE 2 F PAHA,
TH M EE X HIE T R S A Diels-Alder LI 7ERARIR
ET T A ER AT AR, 1 HACA A2 MR 5 iR
(>1000 °C) & H HHFLIR 5T

FIE0E HACA If2, B MmE SR E, &L asE
PAH4 7E N /> T PAHs, FFE 4RI KE, HACA HLH
E LRI /Ny R DT RN 5 Lk, HOlT B
IR H BB IURON . (1000 °C). FABESE A5 1F,
PRI T R Bl e TR AR A v o 3 S A

#z 1 BaP ATz

Table 1 Formation process of BaP
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Fig.2 Mechanism of BaP formation via the HACA pathway'
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Fig.3 Mechanism of BaP formation via the
Diels-Alder pathway!¥
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Fig.4 Mechanism of BbF formation via the PAC pathway'
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Fig.5 Pathways of PAHs formation from linoleic acid'
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PG, BAFIAR TR & — 0k, AR T2 Al
MAGWTR, (F55 TG IER, X2 B ok U o T T I
DGR NS, W51k B i e R N, T2 AN R
T R 1) 22 A WU £ (Lo ) 2% A S . SRR A5 A AR

Z AR IR & A WU, > T4k A i, 5
RAEEA . BE BRI, AU B2k — A R
AR KR R U PR AU Ry R SR AR, A AR
i B, IR SRR, PRRE TEAGE . FRIE, 2R
TG 7 R o 0 ST 3ok P R ST PR R T v TR, T 25 50 e R R D
TR AR Bk, SR PARIE JE: PAHS A9 ZRTAP T
TS I Bt 2o s M R S5 A R . IS 325 R, BRIV
AT BE R4 A 5% (C4~C6) . EE(C8~C12) 5K 4%
(=CIHARMTERN ), MU AN 0] LS M 1 A 7 1R 5
AEFRE TR, AR A AT 4 XU (v 5 4 R — 2 2
g%, QAU DA T kEE B SR AL E AT 4N n-3 RN a-
TERRRR, WUHGA T4 3 50)Fl n-6 ZHNCUNTE MR, ARG T4
6 1), AMEFIIRIGEE X AT LA BRI IR A 2 AN R
Ui, VLT IR IR BN 2 s

®2 EIHARARAERLAR

Table 2 Fatty acid composition of common fats and oils"""

fb T RGN R/ % AR FIRRIT R/ %
25 YT 8.40 91.60
=R 18.07 91.83
AELE M 22.56 77.44
5 i 14.25 85.75
ZRRh 15.56 84.44
SR 9.47 90.53
TR 51.10 48.90
R 37.42 62.58
43 65.88 34.12
i 67.12 32.82
£ 49.56 50.44
iR 32.60 67.40

HIZE 2 AT DU, AR ARkl il . Sl SkF
T AN LRI D7 7R 7 3 = T 90%, T SR Ak
WL A SRR DR R IR Y, A 60%.
AR R, ARi b e B () 5b, AR A S s
B &S 51.10%, Tt A ol S shifpmg, HoA
T ANRR TR Le i, s b AR A9 R W R 2 RO A
RPIRIRICE, -5 ARSI G .

Wl 3 T LA, R AR A B e, RE
PR AN PAHA4 1) 5 H5k AN R 138 PR 48 iy T, et
BaA fil CHR Z AR R MER, X—RHdRA R

SR UEH, B R R R A A B, KR PAHS
F1R) 5 2 s FIT A T 7 P AR 0 L e 5 S P v S 2486 m,
LAY 5 R V5 R R K TC G . X FE PR IR 4 & b
BRI Z IR SERPE W, SRR R & R
BT, HAES AR PAHS S RHUBGE; 22, A
R TR 5 AT P e o U R B 1 BTG ) PAHA A i g Wk
ST RAR, SEAERFI . TR R v 081 3
R(=56%), eI 5 A4 il PAHS [5G A, 5
T R F A, FEt PR BE e R, & S As IR
(AR T R L s A P AR M, PAHA (W) SRBU AT 2%
il B H ST AIE 1 IX— i, SEAE R S
FERE T PAHA A= i 82Kkl S5 4% T

LA i IS0 n B BB — B, Wk 2., 3
TR, FRRR T R RIS R o5 b, L R AR
PEUF, R DA 140 °CTHZE 180 °C, MM#4 36 h )5, BaP MY & &
M 1.13 pg/kg HEE 1.60 pg/kg, CHR A& M 0.58 pg/kg 1
% 0.71 pg/kg, H BaA fll BbF 7EHTA &0 THRKH, B
BRI PAH4 5 YLt o 3 S TR I 78 e T Bk 1]
JNEE PAH4 Azl AR, A i AU, R4
], G 36 ho

KGIMNER HE AT PO H UL MG, L PAH4 4
BAE SLAE— A EIE T R RAE, K G 3 AR AR
BRZH L, 7E 190 °C+5 °CHIFAE 2, PAH4 & 2 IS Y
6.88 pg/kg 7+ 5 32 h J5 1Y 10.35 pg/kg 7, i i s 24
S B AT T R 5 kv A B KR PAH4 A= 1l o i 11
St RG, MR REN, FSEMMEGTRE
T PAH4 (AR LR RE HAE A RS, Fgam T AR et
PAH4 A R FE N o & 5 N I 1 1) -3 ) 2
W —HE S BRI AR R DT RR & i, Ak R e thig
2, BRI H M EIR S 2 210 °CHn#k 10 min J5, BaP &
M 0.39 ug/kg HE 0.61 ug/kg, CHR 4 M 1.00 pg/kg 1
F 1.22 pg/kg S BT A PAH4 44 4G I FE T1 85 5 ) () 4
K5 T AR, (H R A K R AR IR

UEAh, AR 4R AR S AR R Z 0, Xk 2
WFFT ARG h, BrEE R g, L PAH4 Az /b,
PRI S s o I v o A sl ol FH 2 & AR SR Tl g, DA
UGSk P XUBR: o I L3k o (i FH TR, XIN 26205
K BRATRAR S T AR IR A S I R PAH4 A9 A B R,
gtz ih PAHA {H 1.92 pe/kg, FEME S LN T 50%(0 7
Fil PAH4 Y918 5.88 pg/kg, JEAIM PAH4 2 it FEAEAEHIM
N b5 T A0, I S B A A 3 R B 4
4, HOR B ER A Al PAH4 Y9{H 5.21 pg/kg, 465 iMmR
SR PAH4 Y1 3.64 pg/kg, 4limimBRZE Lk PAHA 1y
{8 3.87 pg/kg, EIMERVEAIN PAHA & 5 AR (L IR 2 8 T
Xof 2, RSl A 4
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Table 3 PAH4 content generated by processing different oils (ng/g)
RN S| J A BaP BaA BbF CHR A 24 72%
oA ik
JIG D72 (C18:0) - 200 °C/2 h 0.52 2.13 1.36 1.36 5.35
NENifR(C18:1) - 200 °C/2 h 1.01 2.30 1.13 1.69 6.13
EWiTR(C18:2) - 200 °C/2 h 0.95 2.61 1.13 2.08 6.77
ﬁg?ﬁﬁ - 200 °C/2 h 0.02 2.73 0.76 0.96 4.47 [14]
t{éﬂf;ff - 200 °C/2 h 0.83 2.13 0.87 1.23 5.06
ﬁéﬁfiﬂf - 200 °C/2 h 0.98 2.30 0.86 1.14 5.28
140 °C/36 h 1.13 0.58 1.71
150 °C/36 h 1.21 0.61 1.82
F A il A1 il 5 160 °C/36 h 1.23 0.78 2.01 [21]
170 °C/36 h 1.33 0.89 2.22
180 °C/36 h 1.60 0.71 2.31
ENIIEAYER 0.39 0.10 1.08 1.00 2.57
150 °C/5 min 0.42 0.12 1.10 1.05 2.69
180 °C/5 min 0.48 0.15 1.14 1.12 2.89
Lzl 210 °C/5 min 0.55 0.18 1.20 1.18 3.11 [22]
150 °C/10 min 0.45 0.14 1.13 1.10 2.82
180 °C/10 min 0.52 0.17 1.17 1.15 3.01
210 °C/10 min 0.61 0.21 1.25 1.22 3.29
T -FOR SO A I, T .
A SRR & B 230 PAHA ARG, M A & YA 0%

IR & R PAHA AR LA SCHE N e R 26, ol i 9k 3
R HAAR SN . Bt PAHA RIS, EIEPLE PAH4 1)
AR, HX—BUAEAR R MR T h e 2
BOUE: Wik AR 2 R e AR ) 2 BR 5 R T RE R AR
B AT O, THORF I e R, R AL B R
#7257 PAHARY . EL-HUSSEINT 253 U7E 3¢ Jo A v )
WIS TENIE T B8HT & & 15 PAH4 AR BUHOIEA G R, Hk
I PAH4 & it B AIRAL2E 5, HEF N WG (15.67
pg/kg)> X5 R (13.62~24.30 pg/ke)> X P H H (9.89~9.90
ng/kg)> M 1(9.48~9.70 ng/kg)>4: N HH(7.60~9.13 pg/kg)>
JGER(7.35~8.46 pg/kg), XA R FEAGH | A9 R
BB s 2 i B TR . A BeE, I EVRE PAH4
(R BRI, BRI T 0 ™ HE IR SE, PAHA BENHZS 23 b
E TR, 76 LA ST . BRI 5 AR
T, RHR/NGRIAYTE & )5 PAH4A & S A G,
LIU ZEBRG 5 it — U T X — s, A9 & PRSI x
FhEsah e A AN S PAH4 W (1.62 pg/kg) BEET
+5(1.32 ng/kg), FIEN . EA MK WFERY
JEAE 200 °CR LA I A5 T 246, 7 AR AR Ar T i i
ALELA R SN 16 PR A R ) A DY, ik — 2B T PAH4

2,12 RIRERBAAS R

R Hg TR 2 Ak, W AE T i K AR BT AL 4 5 % PAH4
R AiSp AV IERS R I SE = Ry Y O i S VAN 5 =0
MRS H R T — MEAHR AR IS, W3k 4 PR, #)
MEMZAT & A E R E R W Z B 54T, HAE 180 °Clm
6 h 5, H PAH4 (3 3(82.61%)H) i 2 = THE kil
(36.01%). XTI, AEFLEHIN TS ET, KFd g
FLBRFB AT G AL B, St R RE AR — R LR T
PAH4 B4 BRI o 3X— & B0 5 SCER[ 7RO A — 5, BI 7S
ARG R IR SR KT E A IR PAHs A& it .

R 2 8 Bl DA A EL AT R A R AR 1 v T AR TR L 2
T, FERRE BN T A0 o S U IR A PAH4 AR L LA
R L ASH I Y a-E BB S RATUE Y, AN A&
BRI RE M, (HAE 180 °CHI#A 15 min B, BaP &Lk
2.84 pg/kg, CHR 75 hE 8180k 14.93 pg/ke; 1 Bl B
AE:, i PAH4 4500 &t B P, X—
ZAIRE S PAHs fb S WITEFRFSL Bl R rp (4 4 . AR,
555 VM AR 2 0T R T LA AR B A G, i — 2P EIE
T RRGUEALL 5> %t PAHA S A5 2=k
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Table 4 PAH4 content generated by processing different oils (ng/g)

il s Sy FLI 5 BaP BaA BbF CHR ITQ ?%4 i;
IZ5M+0.01% a-E B 180 °C/15 min 1.20 2.80 1.90 8.20 14.10
IZRI+0.02% a-A= 7 B} 180 °C/15 min 2.84 4.98 3.92 14.93 26.67
LLZEIh+0.04% o2k T B 180 °C/15 min 2.87 4.90 3.85 14.50 26.12 B3]
1LIZRH+0.08% a-H= 75 19 180 °C/15 min 2.90 4.95 3.88 14.60 26.33

Fheli 240 °C, HL¥% 30 min 34.06 - 14.46 34.67
T3 g 240 °C, HL#5 30 min 34.02 - 16.00 34.69 [36]
KR 240 °C, HL#% 30 min 34.05 - 16.21 34.61
i IPES AR 180 °C/6 h 25 3.1 2.0 8.8 16.4
IV AT 180 °C/6 h 35 42 29 14.1 247
KR ZAT AT LR 160 °C/20 min 2.84 422 3.92 14.93 2591 B4
IR +o-4 B 180 °C/15 min 2.87 422 2.94 14.12 24.15

22 mIdiz

TNl AR R R ]I # O S 4 BAE R  PAH4
FIA s, TP AT 2R PAHA TERUMAZ LR .
PAH4 ¥ 2E KRR T A . A SEF A B RN, T
SE R B S R SRR | BB DA G . ST AR,
KREBEATRE(E PAHA) WAL BEIH R B R] 24 1 1,
JoHE 4~5 FRRYECRE PAH4, TE80m RS T oA L .
S-B1Y) . Diels-Alder 2 & HACA HLHIRIE N, A ik
PAH4 22371 4345 PAH4 A= 00 38 A2t AR AN T A A i)
K, AR/ A RSt Sk L, BARTECR S
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